The gene encoding the major envelope glycoprotein (gp51) with its signal sequence, represented by an additional NH 2 -terminal 33-residue amino acid sequence of bovine leukemia virus (BLV), was inserted into a baculovirus transfer vector. A recombinant virus expressing a secreted gp51 protein in insect cells was isolated. The recombinant gp51 expressed was characterized by using an anti-BLV monoclonal antibody by both Western blotting analysis and enzyme-linked immunosorbent assay (ELISA). The secreted gp51 was used as an antigen, and an ELISA with recombinant gp51 (rgp51) was developed for the detection of BLV antibodies. This new procedure was compared with a previous ELISA method for the detection of BLV antibodies and an agar gel immunodiffusion test performed with an unpurified BLV antigen preparation. The comparative testing of field samples showed that the ELISA with rgp51 is more specific and also suitable for the testing of pooled sera.
Bovine leukemia virus (BLV), the etiological agent of enzootic bovine leukosis (EBL), is a C-type retrovirus of cattle with a worldwide distribution (5) . The virus induces a persistent lymphocytosis and in some cases lymphoid tumors in domestic cattle.
The BLV envelope (Env) glycoprotein, which consists of the gp51 outer membrane glycoprotein and the gp30 transmembrane glycoprotein, is directly involved in infectivity events and, like the p24 major structural protein, can elicit a strong immune response in infected cattle (23) . Serological diagnosis of EBL is mainly based on screening of field samples for gp51 antibodies. It follows that diagnostic procedures that use native gp51 constitute a prerequisite for the design of an efficient EBL eradication program. In recent decades different serological methods, such as the agar gel immunodiffusion test (AGID) and the enzyme-linked immunosorbent assay (ELISA), have been developed. ELISAs are based on the use of partially purified BLV gp51 and monoclonal antibodies (MAbs) against BLV gp51 epitopes (4, 17) . These procedures are particularly useful for samples with low antibody titers, such as milk samples or pooled sera. A permanent fetal lamb kidney (FLK) cell line chronically infected with BLV (FLK-BLV) is used to produce gp51. Although highly productive BLV-infected cell lines are available, their production is rather laborious, expensive, and time-consuming.
In recent decades different investigators have described the expression of the BLV Env glycoproteins in heterologous expression systems such as Escherichia coli (2, 21, 22) , Saccharomyces cerevisiae (11) , and recombinant vaccinia virus (10, 18) systems and, recently, a baculovirus system (9, 19) . However, the use of recombinant gp51 (rgp51) in an ELISA method has not yet been described. The aim of this paper is therefore to describe the production of secreted rgp51 by recombinant baculovirus in insect cells and its use in an ELISA for the detection of BLV antibodies.
MATERIALS AND METHODS

Cells and viruses.
BLV-infected and uninfected FLK cells (National Veterinary Laboratory, Copenhagen, Denmark) were cultured in Eagle's minimum essential medium containing 10% fetal bovine serum. Spodoptera frugiperda insect cells (Sf21 cells; Invitrogen, Inc., Carlsbad, Calif.) were cultured in Grace's insect medium (Biowhittaker, Walkersville, Md.) containing 10% fetal bovine serum and antibiotics (gentamicin, penicillin, and streptomycin). Sf21 insect cells were also cultured in HYQ CCM3 serum-free medium (HyClone Laboratories Inc., Logan, Utah) for the expression of the rgp51 protein. Recombinant baculovirus carrying the lacZ gene (AcLacZ; Invitrogen, Inc.) was used as a negative control in the study. BLV was purified from the FLK cell supernatant by the protocol described by Walker et al. (25) and was used as a positive control in the study.
Cloning of gp51 gene. Genomic DNA was extracted from BLV-infected and uninfected FLK cells as described by Maniatis et al. (13) . Two oligonucleotide primers (5Ј-GCTGCAGGCCTTCAAATGCCTAAA-3Ј, in which a PstI restriction site was introduced [the first underlined sequence], and 5Ј-CGACTTAAC TACGTCTGACCC-3Ј, in which a TGA stop codon was introduced [underlined]) were designed according to the nucleotide sequence of the BLV genome (20) and were used to amplify the gp51 gene by PCR. The amplified DNA was subcloned into the pCR-Blunt vector (Zero Blunt PCR cloning kit; Invitrogen, Inc.) to construct plasmid pCRgp51. The inserted gene encoding gp51 was sequenced with appropriate primers by use of the ALFexpress II DNA analysis system (Amersham Pharmacia Biotech, Uppsala, Sweden) to exclude mutations introduced by PCR.
Generation of recombinant baculovirus. The gp51 gene was recovered from pCRgp51 after digestion with PstI and was then ligated into the PstI site of baculovirus transfer vector pBAC 4 (Invitrogen, Inc.). The resultant recombinant transfer vector with the correct orientation to the promoter was designated pB4gp51. Sf21 cells were cotransfected with linear Bac-N Blue viral DNA (Invitrogen, Inc.) and recombinant transfer vector pB4gp51 by using Lipofectin reagent (Gibco BRL, Grand Island, N.Y.). After 3 days of incubation at 27°C, the culture supernatant containing recombinant baculovirus was harvested and the plaques were purified. Recombinant baculovirus, which expresses rgp51, was isolated and designated Bac-rgp51. A high-titer virus stock (Ͼ10 7 PFU/ml) was created by amplification of Bac-rgp51.
Expression and characterization of rgp51. Sf21 cells were infected with Bac-rgp51 and AcLacZ. The culture media were harvested and centrifuged at 100,000 ϫ g for 2 h to remove the baculovirus, and the supernatants were collected. The cells were washed twice with cold phosphate-buffered saline (PBS) and lysed in cold lysis buffer (50 mM Tris-HCl [pH 8], 150 mM NaCl, 0.02% sodium azide, 100 g of phenylmethylsulfonyl fluoride per ml, 1 g of aprotinin per ml, 1% Triton X-100). The cell lysates were centrifuged at 13,000 ϫ g for 15 min at 4°C, and the supernatant fractions were collected. Both culture media and cell extracts were used to analyze the expression and characterization of recombinant gp51 by sodium dodecyl sulfate-polyacrylamide gel electrophoresis-Western blotting and by the BLV ELISA.
Western blotting. The rgp51 protein was tested for its reactivity to an anti-gp51 MAb by Western blotting, as described by Maniatis et al. (13) . Antigen levels were determined by chemiluminescence by an enhanced chemiluminescence protocol (Amersham Pharmacia Biotech).
BLV ELISA. The BLV ELISA, commonly used for routine serological diagnosis, was developed by using an unpurified BLV antigen preparation to detect antibodies against the gp51 Env glycoprotein and p24 structural protein of BLV in milk and serum samples (7) . This procedure was used for the identification and characterization of rgp51.
Collection of sera. A set of 1,230 individual serum samples was collected from cows from selected herds of cattle. All cows were more than 1 year old. Of these serum samples, 480 were from BLV-free herds and were considered true negative for BLV. This set of serum samples was tested by the AGID test, the BLV ELISA, and the improved ELISA with rgp51 described in this paper.
In order to evaluate whether the ELISA with rgp51 was suitable for determination of antibodies to BLV in pooled sera, 500 pools were made by pipetting 100 l of each of 5,000 serum samples collected during an EBL eradication campaign. In addition, 10 pools of sera, each of which contained one weakly positive serum sample selected from our serum bank, were artificially prepared. The pooled sera were tested only by the ELISA with rgp51. Finally, international reference serum sample E4 (8) was used as the standard for determination of the sensitivity of the ELISA.
AGID test. The AGID test was carried out as described in the technical annex of directive 84/643/CEE (6) .
ELISA with rgp51. The ELISA with rgp51 was performed as described previously (7), with some modification. Briefly, ELISA plates (MaxiSorp; Nalgene Nunc International) were coated with a predetermined optimal quantity of purified anti-BLV gp51 MAb at 4°C overnight. Then, the plates were washed three times with PBS containing 0.05% Tween 20 (PBS-Tween). The cell culture supernatant containing rgp51 (100 l/well), which was previously diluted 1:10 in blocking solution (PBS-Tween plus 1% yeast extract), was added to each well. The plates were incubated for 1 h at 37°C and then washed three times with PBS-Tween. The single serum samples, including positive and negative controls, were diluted 1:50 in blocking solution; and 100 l was added to each of duplicate wells. Pooled serum samples were diluted 1:5 in blocking solution, and 100 l was added to each of triplicate wells (two wells with the recombinant antigen plus another well with blocking solution only as a blank). After a 1-h incubation period at 37°C, the plates were washed three times with PBS-Tween, and then the plates were inoculated with an anti-bovine immunoglobulin G1 (IgG1) and IgG2 MAb labeled with horseradish peroxidase. The plates were incubated for 1 h at 37°C and washed, and 100 l of 3,3Ј,5,5Ј-tetramethylbenzidine chromogen substrate (Sigma Aldrich Inc., St. Louis, Mo.) was added to each well. After about 10 min of incubation, the reaction was stopped with 0.5 M H 2 SO 4 and the optical density (OD) was measured at 450 nm. For each single serum sample tested, the result was expressed as the mean of the OD value for duplicate wells. For pooled serum samples, the result was expressed as the change in the OD (⌬OD) and was calculated by subtracting the OD for the well without antigen (blank) from the mean OD value for the corresponding wells with the recombinant antigen. This measure has become a necessity, since pooled serum samples are tested at a 1:5 dilution, resulting in a higher background compared to that for the single serum samples.
Statistical evaluation of interlaboratory reproducibility. In order to provide evidence of the reproducibility of the method, the ELISA with rgp51, together with a set of 44 serum samples, was distributed to nine other laboratories located throughout Italy. The serum sample set contained 19 positive field serum samples and 10 positive serum samples with low antibody concentrations obtained by dilution of a positive reference serum sample to different levels. Each laboratory performed three blind tests with the set of serum samples described above.
RESULTS
Cloning of gp51 gene. The gene encoding gp51 of BLV was amplified from the genomic DNA of FLK cells infected with BLV by PCR. The predicted fragment of 903 bp was amplified from BLV-infected FLK cells, but it was not amplified from uninfected FLK cells (data not shown). The PCR product was inserted into the pCR-Blunt vector and then sequenced. An open reading frame of 903 nucleotides was identified. The nucleotide sequence of the amplified gp51 gene was compared with previously published sequences (12, 20) . The only variations between these sequences consisted of nucleotide substitutions, while no frameshift, insertion, deletion, or nonsense mutation was observed (data not shown). The variations in the amino acid sequence (gp51/PG) of the amplified gp51 gene consisted of 1 amino acid change with respect to the amino acid sequences of the gp51 glycoproteins of BLV variants FLK-BLV (12) and BLV-1 (20) (Fig. 1) .
Expression and characterization of rgp51. Sf21 cells were infected at 1 PFU/cell with a recombinant baculovirus carrying the gp51 gene (Bac-rgp51) and with a control recombinant baculovirus carrying the lacZ gene (AcLacZ). After incubation for 3 days, cell extracts and culture media were tested by Western blotting with an anti-gp51 MAb. Figure 2 shows that this MAb reacted to major bands with molecular masses of 40 to 42 and 48 to 50 kDa for the Bac-rgp51-infected Sf21 cell extract and supernatant, respectively (Fig. 2, lanes 2 and 3,  respectively) . The molecular mass of rgp51 was smaller than that of the native gp51 obtained from purified BLV (Fig. 2, lane  3) . No band was detected for the AcLacZ-infected insect cell extract or its culture medium (Fig. 2, lanes 4 and 5, respectively) .
The BLV ELISA was used to determine the antigen structure of recombinant gp51 by replacing the usual antigen preparation with the cell extract and culture medium from Sf21 cells infected with Bac-rgp51. The cell extract and culture medium from Sf21 cells infected with AcLacZ were also included as negative controls (Fig. 3) .
A specific OD was observed for Bac-rgp51-infected insect cells, while the OD for AcLacZ recombinant baculovirus-infected Sf21 cells was not detected. The OD obtained for the culture medium containing rgp51 was about 2.5 times higher than that obtained for the cell extract. These results, like those of Western blotting analysis, indicated that rgp51 is secreted in the cell culture medium.
Determination of a cutoff value. To discriminate between the presence and the absence of BLV antibody, the mean OD value for the individual negative serum samples and the mean ⌬OD for the negative pooled sera with the respective standard deviation (SD) were calculated. The mean Ϯ SD OD value for individual negative serum samples was 0.058 Ϯ 0.064, and the mean Ϯ SD ⌬OD for the negative pooled serum samples was 0.043 Ϯ 0.057.
The threshold for positivity was defined as the mean OD plus 2 SDs (for the individual serum samples) and the mean ⌬OD plus 2 SDs (for the pooled serum samples). On the basis of these thresholds, values of 0.058 ϩ 2 (0.064) ϭ 0.186 and 0.043 ϩ 2 (0.057) ϭ 0.157, respectively, were found. From these calculations, the cutoff values for both individual and pooled samples were established to be 0.200.
Individual and pooled sera. A total of 1,230 serum samples were analyzed by the BLV ELISA, the ELISA with gp51, and the AGID test. A total of 1,212 serum samples, including the 480 true-negative serum samples, were negative by all three tests. Eighteen samples reacted positively by the BLV ELISA, whereas 12 of them were positive by the ELISA with rgp51 and the AGID test. The buffy coats of the six samples from the cows that reacted in contradictory ways by the three tests were subsequently investigated by PCR and scored negative (data not shown). The sensitivity of each of the ELISAs compared with that of the AGID test was the same (100%), whereas the specificities were 99% for the BLV ELISA and 100% for the ELISA with rgp51. The E4 anti-BLV international reference serum sample was diluted in negative serum and tested by the ELISA with rgp51. The results indicated that serum could be diluted 1,600 times and still score positive.
Nine of the 500 pooled serum samples were found to be positive. All the single serum samples used to make these pools were processed individually, and one serum sample from each pool scored positive both by the AGID test and by the ELISA with rgp51. The 10 pools containing one weakly positive serum sample each were found to be clearly positive. Generally, one of every five pools of sera showed a background OD in the well without antigen (blank) that was quite high, with the OD being greater than the cutoff. However, we have observed that even in these cases positive sera could be clearly detected only if the OD for the corresponding blank was less than 0.700 (data not shown). In 11 cases, the well with blocking solution only VOL. 11, 2004 BLV RECOMBINANT gp51 ELISA 149 on September 26, 2017 by guest http://cvi.asm.org/ showed a high background OD (OD Ն 0.700). We therefore added a weakly positive serum sample to each of these 11 pools in order to verify if this background OD masked its presence.
In four cases the pools with the weakly positive serum sample scored negative (⌬OD Ͻ 0.200), whereas in the remaining pools it still scored positive (⌬OD Ͼ 0.200). Interlaboratory reproducibility. Table 1 summarizes the results of the interlaboratory reproducibility tests. The first replicate for laboratory 9 was considered invalid because the OD for the negative control was Ͼ0.200. The results were classified according to the expected data and were considered correct.
On this basis, the reliability of the ELISA with rgp51 was evaluated by determination of the beta distribution of the estimated probability of supplying different percentages of correct results. It was therefore calculated that the most probable values for the proportion of correct results were 98.5% for the first examination, 99.5% for the second examination, and 99.8% for the third examination. It is also evident that tests giving a proportion of correct results of Ͻ95% have a zero probability of occurring ( Fig. 4) .
To obtain more information about the validation parameters of the ELISA with rgp51, reproducibility was calculated by Cochran's nonparametric Q test. By comparison of the data from the three repetitions, statistically significant differences were not found, as evidenced by the values obtained (Q ϭ 1,556 and P Ͼ 0.05).
DISCUSSION
During virus infection of the host, the gp51 Env glycoprotein and the p24 major structural protein of BLV are the main targets of the immune response and are therefore logical targets for use as diagnostic reagents. The gp51 protein has the highest degree of antigenicity and the greatest potential as a diagnostic reagent for the detection of antibodies to BLV (14, 23) . In the present study, we expressed the gp51 protein of BLV in insect cells using a recombinant baculovirus and evaluated its diagnostic potential by ELISA. The ATG start codon at position 4826 within the nucleotide sequence of BLV (20) was used to express the gp51 protein. This choice was based on the role of the signal sequence, represented by the NH 2 -terminal 33-residue amino acid sequence that precedes the amino acid sequence of gp51 (12, 20) . The predicted amino acid sequence of gp51 shared the highest degree of homology with those of FLK-BLV and BLV-1 compared with the degree of homology to the other strain tested (data not shown).
rgp51 was analyzed by Western blotting, by which several recombinant protein fractions from 32 kDa to 48 to 50 kDa were detected (Fig. 2) . All the proteins that migrated faster than native gp51 could represent incomplete and/or incorrectly glycosylated molecules, as is frequently observed in insect cells (16, 19) and different mammalian cell lines (1, 26) .
The antigenic structure of the rgp51 protein was examined by the BLV ELISA. Despite the incomplete glycosylation, the results indicated that the rgp51 protein showed the same antigenicity as native gp51. Moreover, these data also showed that a larger amount of gp51 was present in the supernatant than in the cellular extract of Bac-rgp51-infected insect cells (Fig. 3) .
In our view, the presence of the signal peptide may explain the secretion of gp51. This hypothesis is supported by previous studies: (i) the expression of Env BLV glycoproteins without a signal sequence did not produce a secreted gp51 protein (11, 19) , and (ii) expression systems in which Env BLV glycoproteins or gp51 are expressed with the signal sequence produced a secreted protein (14, 24) . Secreted gp51 offers several advantages over intracellular gp51 or gp51 produced by FLK-BLV mammalian cells. The preparation of secreted rgp51 is simple, its use overcomes the problems of contamination with proteins from insect cells or fetal calf serum when it is expressed in serum-free medium, and it can be produced in large amounts.
A BLV eradication program requires serological methods which are rapid, simple to perform, and sensitive enough to clearly distinguish between positive and negative reactors even when the test is applied to pooled sera. The AGID test is not able to detect BLV-infected cows when pooled sera is used and is not suitable for application in automated systems. Several commercial ELISAs fulfill these requirements, but often, a lack of specificity is found, mainly due to aspecific reactions with bovine viral diarrhea virus antibodies (data not shown), which is likely to occur when bovine serum samples are tested. The present study was initiated to solve these problems by investigating the possibility of developing the test by using a BLV rgp51 as the antigen. This resulted in an improved ELISA format, based on the principle of a preexisting ELISA which was in routine use in our laboratory. The results of tests with 1,230 individual serum samples yielded a specificity of the ELISA with rgp51 of 100%, whereas the specificity of the previous BLV ELISA was 99%. The sensitivities of both tests are difficult to determine since the reference test represented by the AGID test is not very sensitive. The use of the ELISA with rgp51 with pooled sera has many advantages. With good organization, all the problems connected with the sampling and the preparation of the pooled sera can easily be solved. When the ELISA with rgp51 is applied to pooled sera, it seems to be able to detect practically all the BLV-infected cattle with a minimum of false-negative results. This is probably the consequence of aspecific binding between components of some field sera and the murine IgG capture antibody, which could cause a high background OD in the control well, or could be due to the binding of nonspecific antibodies present in the tested samples to the walls of the wells (15) . On the other hand, these cross-reactions have rarely been observed (0.8% of pooled sera). It should still be stressed that, because the anti-BLV gp51 antibodies appear earlier and their titers are consistently higher than the anti-BLV p24 titer (3), serological methods involving the gp51 antigen are considered the methods of choice for the early detection of BLV infection. The ELISA with rgp51 described here has proven to be sensitive and specific, to have a good interlaboratory reproducibility, to be easy to perform, and to be suitable for the monitoring of animals for BLV infection.
